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Mesoporous silica nanoparticles (MSNs) with multimodal pore channels were fully characterized by TEM, nitrogen adsorption-
desorption, and DLS analyses. MSNs with average diameter of 200 nm with dual pore channel zones with pore diameters of 1.3–2.6
and 4 nmwere tested for their use in drug delivery application. Important role of the multimodal pore systems present onMSNs on
the quantitative release ofmodel drug ibuprofenwas investigated.The results obtained revealed that the release profile for ibuprofen
clearly shows distinct zones which can be attributed to the respective porous channel zones present on the particles.The fluctuations
in the concentration of ibuprofen during the prolonged release fromMSNs were caused by the multimodal pore channel systems.
1. Introduction
Mesoporous silica nanoparticles (MSNs) represent one of
the most versatile reservoir materials used for delivery of
different molecules. The versatility comes from stability,
biocompatibility, highly ordered porosity, and large surface
area of this material [1]. In particularMSNs have shown great
promise in their use for drug delivery [2–4], targeted drug
delivery [5], improved solubility and delivery of poorly solu-
ble drugs [6], pH responsive drug delivery systems [7], and
controlled release of drugs [8]. In all these applicationsMSNs
can be used as reservoir for drug molecules, and prolonged
and controlled release of the drug in different media can
be obtained by diffusion. Several molecules from different
classes of drugs such as anti-inflammatory, anticancer drugs,
and antioxidants were loaded inside MSNs and their release
kinetics was studied [9, 10]. The extended studies have
revealed that there are several factors which influence drug
loading, stability of thematerial, and drug release. Altogether
these factors determine the efficiency ofMSNs in the delivery
of the desired drugs in different environments. The most
commonly investigated factors which greatly influence the
delivery of molecules are size of the particles and porosity
[11, 12], pore length, pore volume and pore diameter [13],
morphology [14], pore size [15], and loading capacity and
their hydrothermal stability [16]. Improved control over the
release of the drugs which allows tuning of the release profiles
can be achieved by trigger mechanisms activated by various
organic functional groups or smart polymers grafted on
the porous particles [17]. However fewer investigations are
reported which go into the details of the orientations of
the microstructures which are multimodal pore systems that
may get formed during the synthesis of MSNs. In last few
years several optimized hydrothermal or sol-gel synthesis
methods for the synthesis of MSNs, which yield monodis-
perse particles with improved control over the obtained
porosity, pore length or pore volume, and orientations of the
mesochannels, have been reported [18, 19]. Various factors
such as the use of core swelling (pore extending) agents
together with the traditional micelle forming agents, the
choice of the alkoxysilane itself, which undergoes hydrolysis-
condensation reaction to give rise to the siloxane network,
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and rate of the hydrolysis of alkoxysilane are investigated
to study their influence on size of the nanoparticles and
orientation of themesochannels [20]. High resolution images
of the MSNs obtained from electronic microscope reveal
that there may exist arrays of mesochannels forming distinct
zones inside the same particle. Such complicated multimodal
pore orientations may result from use of different ratios of
starting materials, concentrations of the by-product formed,
and synthesis conditions used.
Most of the problems associated with the synthesis and
the choice of parameters which can lead to the monodisperse
MSNs with desired structural features and without any
defects or additional pore mesochannels can be resolved in
small or laboratory scale synthesis. However large or com-
mercial scale synthesis of MSNs faces a big challenge of pro-
ducing reasonably monodisperse particles within a specific
range of diameter without anymajor structuralmodifications
that may arise during their scale-up [21]. Most of the reports
about mesoporous silica synthesis use cationic surfactants
such as cetyltrimethylammonium bromide (CTAB) in basic
medium as a soft template for obtainingmost popularMCM-
41 type particles with 2D hexagonal mesostructures which
have pore diameters around 3 nm. For increasing the pore
diameter and further tuning the porous structure, a dual
surfactant system is used which contains a cationic surfactant
together with an amphiphilic triblock copolymer or micelle
core swelling molecules, such as trimethylbenzenes (TMBs),
with CTAB. The presence of two templates actually can
lead to complications like the formation of multioriented
mesochannels which can also give core-shell structured
MSNs with dually oriented mesochannels [22]. In addition
to the cotemplate another molecule which can lead to the
formation of dual mesochannels in MSNs is alcohol (mostly
ethanol) which is either used as a cosolvent in the synthesis
or formed during the hydrolysis of commonly used silica
source (e.g., tetraethylorthosilicate). Structural modifications
caused during the synthesis and formation of dually oriented
porousmesochannels can have considerable effect on loading
and more importantly on the release of the molecules loaded
inside such MSNs. In drug delivery applications normally
the loading of drug molecules inside MSNs is carried out
by soaking them in the concentrated solution of the drug
molecule at specific temperature until almost all the meso-
pores of the MSNs are filled. Each mesochannel present
on the particle represents a distinct zone which can show
different release kinetics for the molecule loaded inside it.
The release kinetics will depend upon size of the particle, size
of this mesochannel zone with respect to the overall size of
the particles, and diameter of the pores in this zone. These
variations in the release kinetics play an important role in
real application of MSNs in drug delivery as they can greatly
alter the concentration of a drug released at different time
intervals. Sometimes the change in concentration of released
drug is directly linked to other factors, such as solubility
of the drug molecule in the release medium (water, buffer,
saline solution, etc.), and to the efficiency of the trigger
mechanism. Instead the change in concentration of the drug
released by MSNs may be due to the presence of secondary
microstructures on them.
The objectives of the study were to fully characterize
recently marketed MSNs with multimodal pore channels
to get important information about their structure and
properties which are not reported in detail neither by the
producers nor in the literature and to test their suitability for
drug delivery application.On the basis of the results obtained,
it was confirmed that a careful examination of synthesized or
commercially available MSNs is needed for their use in drug
delivery applications.
2. Experimental
2.1. Materials, Methods, and Instruments. MSNs (particle size
200 nm, pore size 4 nm), ibuprofen, and hexane were pur-
chased from Sigma-Aldrich, Italy. Ibuprofen and hexane were
used as received and MSNs were degassed before analysis.
High Resolution Transmission Electron Microscopy
(HRTEM) images were obtained with a JEOL 2010 instru-
ment (300 kV) equipped with a LaB6 filament. For specimen
preparation powdery samples were supported onto holed
carbon coated copper grids by dry deposition.
Fourier Transform Infrared Spectroscopy (FTIR) spectra
were collected with a Perkin Elmer FTIR Nexus instrument
equipped with an attenuated total reflectance (ATR) devise
(Thermo Nicolet Smart Endurance) and with a DTGS detec-
tor. Spectra were collected in the spectral range of 4000–
670 cm−1 and with a resolution of 4 cm−1.
Gas-volumetric analysis, specific surface area (SSA), and
pore volume and size were measured by N
2
adsorption-de-
sorption isotherms at 77K using an ASAP 2020 (Micromerit-
ics) gas-volumetric analyzer. SSA was calculated using the
Brunauer-Emmett-Teller (BET) method. Porosity distribu-
tion, allowing estimating width and volume, was calculated
with the Nonlocal Density Functional Theory (NLDFT),
employing the N
2
-DTF model with slit pores geometry
(regularization low). Prior to analyses, samples were kept in
oven at 50∘C for 4 hours and then outgassed at RT overnight.
Thermogravimetric analyses (TGA) were carried out on a
TA Q500 model from TA Instruments by heating samples
contained in alumina pans at a rate of 10∘C/min from 25 to
800∘C in air.
Dynamic light scattering (DLS) measurements were car-
ried out by using a Malvern ZS 90 Zetasizer instrument.
0.1% suspensions of nanoparticles were prepared in deionized
water and sonicated for 20 minutes before the analysis.
The measurements of hydrodynamic diameter (HD) and
zeta potential (Zp) were performed in triplicate for each
sample and the mean value is reported. The measurements
were carried out at 20∘C. Elemental analysis was performed
with Flash EA 1112 series (CHNS analyzer) instrument from
Thermo Electron Co. with vanadium pentaoxide as catalyst.
UV-Visible analyses were performed using a Lambda 15
UV-Vis spectrophotometer (Perkin Elmer). For ibuprofen
quantification a calibration curve (𝜀 = 185.1M−1, 𝑅2 = 0.99)
was obtained by plotting absorbance versus concentration of
ibuprofen between 6.0 × 10−5 and 4.8 × 10−4M.
2.2. Drug Loading and Release Tests. MSNs were outgassed at
RT overnight to remove adsorbed water and then dispersed
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Figure 1: TEM images at different magnification showing the porous structure of theMSNs and the different orientation of the pore channels
at the periphery and in the inner part of the MSNs.
under magnetic stirring in a hexane solution (0.16M) of
ibuprofen at 40∘C for 48 hours. Then nanoparticles were
separated by centrifugation, washedwith hexane, and dried at
RT. Ibuprofen loading was determined by TGA and UV-Vis
spectroscopy by monitoring the absorbance at 272 nm. The
loading was calculated from TGA.
In vitro drug release tests were carried out in 0.9% NaCl
solution in water in a constant temperature box equipped
with multiposition magnetic stirrer. The release profiles in
saline solution were obtained by monitoring the absorbance
of ibuprofen at 272 nm at different time intervals and tem-
peratures. Each time the supernatant solution of ibuprofen
was separated from the particles by centrifugation of the
suspension.
3. Results and Discussion
The HR-TEM images of the MCM-41 type MSNs which
are used in this study are shown in Figures 1(a)–1(d). The
TEM images revealed that the mesoporous silica nanopar-
ticles are with diameters ranging from 60 to 200 nm. The
ordered porous structure is clearly visible with pore channels
running throughout the body of the particles. Magnified
TEM image of a single particle is shown in Figure 1(d). A
border of approximately 15–25 nm around each particle is
observed which clearly shows that the orientation of the pore
channels is different at the periphery with respect to the
central mesochannels indicating a dual mesochannel type of
structure.
In order to further confirm the dual porous structure of
the particles, nitrogen adsorption-desorption analyses on the
MSNs samples were carried out. The adsorption-desorption
isotherms (Figure 2) showed a complex profile with both
features of type I and type IV isotherms. Namely, the steep
knee at low pressure (<0.01–0.02𝑝/𝑝0) is typical of micro-
porous materials, while the capillary condensation step and
related hysteresis loop in the 0.4–0.5 pressure range indicated
the presence of mesopores [23]. This is reflected in the pore
diameter distribution curve, calculated by NLDFT, which
clearly showed the presence of micropores and mesopores in
the particles, and it also indicates the predominant presence
of mesopores of 4 nm in diameter. Specific surface area of the
particles calculated by BET method was 901m2/g.
Dynamic light scattering (DLS) analyses were performed
on very dilute suspensions of MSNs. The particle size
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Figure 3: Particle size distribution of MSNs by DLS analysis.
distribution curve is shown in Figure 3. The average size of
the particles was in the range of 206–220 nm. The particles
showed high aggregation tendency and bigger aggregates
were immediately formed. The polydispersity index (PDI) of
all the samples subjected to DLS analysis was 0.3 which with
the time due to fast aggregation of bare particles increased to
almost 1.0 confirming high aggregation rate of the bareMSNs.
The zeta potential value at pH around 7.2 was −17.3mV, which
is actually lower than the values reported for MSNs [24–27].
The number of silanol groups determines the reactivity of the
material (silica) and is reflected in the zeta potential value
obtained by DLS analysis. The surface silanols also play an
important role in drug loading as a higher number of silanol
groups can hold more drug through secondary interactions
with the polarizable groups present on the drug molecules
[28]. The elemental analysis of particles showed only the
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Figure 4: ATR-FTIR spectra of (a) MSNs, (b) ibuprofen loaded
MSNs, and (c) ibuprofen.
presence of trace amount of carbon (0.40%) and hydrogen
(0.48%) confirming chemical purity of the particles.
Loading of model anti-inflammatory drug ibuprofen
was carried out by soaking MSNs in concentrated (0.16M)
solution of ibuprofen in hexane with constant stirring of
the solution with suspended particles for 48 hours at 40∘C.
After loading, the presence of ibuprofen inside themesopores
of silica was analyzed by ATR-FTIR spectroscopy and the
results are shown in Figure 4. The ibuprofen loaded MSNs
showed the presence of peaks of the drug; in particular the
peak due to C=O absorption at 1730 cm−1 was clearly evi-
dent. The quantitative loading of ibuprofen was determined
by TGA and was ∼25.25% (Figure 5) value obtained after
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Figure 5: TGA curves of MSNs (solid line) and MSNs-ibuprofen
loaded (dotted line).
subtracting the weight loss due to silica.The weight loss upon
programmed heating up to 800∘C for MSNs was only 0.25%,
while the weight loss observed for the ibuprofen loaded
particles was 25.5%. The increased weight loss is due to the
loaded ibuprofen. In vitro drug release tests were performed
in saline solution (0.9% NaCl solution in DI water) by using
the different aliquot method with varying amount of the
saline solution (i.e., the amount is adjusted in order to avoid
saturation of the solution with ibuprofen at prolonged release
time).The quantitative release of ibuprofen from the particles
was determined by UV-Vis spectroscopy. The ibuprofen
release profiles obtained at two different temperatures are
shown in Figures 6(a) and 6(b).
The release tests were also performed at low temperature
just to exclude the possibility of change in concentration
of the released drug due to minor temperature changes
during the magnetic stirring of the suspensions in saline
solution. The quantitative ibuprofen release curves showed
three distinct zones, that is, (A), (B), and (C), which can be
correlated with different parts of the MSNs that are outer
surface (A), the thin microporous layer at the periphery of
particle (B), and the inner mesoporous part of particle (C)
(Figure 6(c)). Accordingly, release curves are characterized
by the following three stages: (A) the first stagewhich involves
the rapid release of ibuprofen within the first 45–60min,
owing to the release of ibuprofen adsorbed on the external
surface of the particles. Physisorption of ibuprofenmolecules
is possible in almost all themethods (impregnation or loading
from melt) used for loading [29, 30]. Although it is expected
that most of the ibuprofen molecules should be loaded
inside the mesopores, certain amount of ibuprofen is always
found to remain physisorbed on the surface of the particles.
Even repeated washing with the solvent used for loading
sometimes cannot remove completely the physisorbed drug
because of the strong interactions of the carboxylic group
present on the molecule with the surface silanol (Si-OH)
groups. To break this interaction water is needed as it is
well known that water forms a bilayer on silica surface
that interrupts the ibuprofen silica surface interactions. As
organic solvents such as hexane or ethanol are used for the
loading of ibuprofen the possibility of breaking interactions
is not there and thus ibuprofen remains strongly physisorbed
on the surface of the particles. However for the release
experiments, buffer systems or water is used as a solvent and
hence the first delivery of cargo is the amount of ibuprofen
physisorbed on the particles. (B) After the first step, the
concentration of drug decreases slightly and increases slowly
again from 1 to 5 hours. It is reasonable to attribute this release
to those ibuprofenmolecules which are trapped/loaded in the
thin shell at the periphery of the particles where (micro)pores
have smaller diameter and different orientation compared to
innermesopores (Figure 6(c)). Although the thickness of this
zone is small, because of the small diameter of the pores, a
prolonged release of the drug is observed for approximately 4
hours. This release time can be tuned by tuning the diameter
of these micropores. (C) Finally, the ibuprofen concentration
increases again and attains a constant value after 25 hours
(see particularly the release curve obtained at 40∘C, shown
in Figure 6(a)). The release in the last stage is due to the drug
molecules loaded in the mesopores which are long in length.
Such observation of fluctuations in the concentration of the
loaded drug molecules is common for certain porous mate-
rials, but the interpretation of the change in concentration of
the drugs is mostly related to the physisorption of the drug
without many details of influence of the microstructures.
With the nonconventional release profiles obtained forMSNs
used in this study it is quite evident that the multimodal pore
system plays an important role in the drug release behaviour.
Quantities of ibuprofen released after each phase (A) (after
45min), (B) (after 5 h), and (C) (after 48 h) are shown in
Figure 7.
Although this explanation about the change in the con-
centration of the drug releasedwith time appears as a possible
shortcoming (or defect) of the material under study, it on
the other hand can also prove to be crucial where such
fluctuations in the concentration of the drug are desired
with time. Multimodal mesochannel systems can thus be
generated on MSNs to tune the dose of the drugs released
with time. For this reason some multimodal pore systems in
some studies are created purposely on the porous particles.
Niu et al. [23] showed that with careful modification of
the synthesis condition and with choice of templates used
it is possible to obtain multimodal porous particles with
desired pore sizes and pore length. Manipulation of synthesis
conditions and concentrations of templates can be done to
tune the properties of the pores, which is recently termed as
the “pore engineering” [22].
4. Conclusion
MSNs used in this study were fully characterized and tested
for their use in drug delivery applications. The results
on characterization of MSNs provide important additional
information about size and porous structure of the material
which is important for their use in different applications.
From the results on drug release it is proved that multi-
modal pore systems on mesoporous silica can influence the
quantitative release (concentration) of the drug loaded. This
release depends upon the size of the mesochannel zone with
respect to the overall size of the particle and diameter of the
pores in different mesochannels. After initial fluctuations in
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release profiles as showed in Figure 6.
the concentration of the drug a prolonged release of the active
molecule depending on the size of mesochannel zone and
core pore length of the particles was obtained. This study
points out that the presence of or formation of “unwanted”
microstructures onmesoporous materials during the synthe-
sis is an important factor to take into consideration before
their use for drug delivery applications.
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